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We tested the hypothesis that in young adults leg muscle vasodilation during steady-state exercise would be reduced independently by sequential pharmacological inhibition of nitric oxide synthase (NOS) and cyclooxygenase (COX) with N G -nitro-L-arginine methyl ester (L-NAME) and ketorolac, respectively. We tested a second hypothesis that NOS and COX inhibition would increase leg oxygen consumption (V O2) based on the reported inhibition of mitochondrial respiration by nitric oxide. In 13 young adults, we measured heart rate (ECG), blood pressure (femoral venous and arterial catheters), blood gases, and venous oxygen saturation (indwelling femoral venous oximeter) during prolonged (25 min) steadystate dynamic knee extension exercise (60 kick/min, 19 W). Leg blood flow (LBF) was determined by Doppler ultrasound of the femoral artery. Whole body V O2 was measured, and leg V O2 was calculated from blood gases and LBF. Resting intra-arterial infusions of acetylcholine (ACh) and nitroprusside (NTP) tested inhibitor efficacy. Leg vascular conductance (LVC) to ACh was reduced up to 53 Ϯ 4% by L-NAME ϩ ketorolac infusion, and the LVC responses to NTP were unaltered. Exercise increased LVC from 4 Ϯ 1 to 33.1 Ϯ 2 ml · min Ϫ1 · mmHg
Ϫ1
and tended to decrease after L-NAME infusion (31 Ϯ 2 ml · min Ϫ1 · mmHg
, P ϭ 0.09). With subsequent administration of ketorolac LVC decreased to 29.6 Ϯ 2 ml · min Ϫ1 · mmHg Ϫ1 (P ϭ 0.02; n ϭ 9). While exercise continued, LVC returned to control values (33 Ϯ 2 ml · min Ϫ1 · mmHg
) within 3 min, suggesting involvement of additional vasodilator mechanisms. In four additional subjects, LVC tended to decrease with L-NAME infusion alone (P ϭ 0.08) but did not demonstrate the transient recovery. Whole body and leg V O2 increased with exercise but were not altered by L-NAME or L-NAME ϩ ketorolac. These data indicate a modest role for NOS-and COX-mediated vasodilation in the leg of exercising humans during prolonged steady-state exercise, which can be restored acutely. Furthermore, NOS and COX do not appear to influence muscle V O2 in untrained healthy young adults.
femoral blood flow; nitric oxide; vascular control EXERCISE HYPEREMIA appears to be regulated by a complex interaction of metabolic, physical, neural, and vascular signals. The importance of local factors such as nitric oxide (NO) and prostaglandins (PGs) derived from nitric oxide synthase (NOS) and cyclooxygenase (COX), respectively, is unclear. Contrasting evidence exists both for and against a role for NO and PGs in regulating exercise hyperemia (3, 7, 8, 10, 14, 16, 26, 31, 36, 37) . For example, during forearm exercise NOS inhibition can rapidly reduce hyperemia by ϳ20%, and COX inhibition reduces blood flow by 12% (26) . However, oral COX inhibitors do not reduce the active hyperemia during forearm exercise in young subjects (32) or during leg exercise in middleaged men (14) . During leg exercise, the effect of NOS inhibition seems to be more modest [0 -10% reduction in leg vascular conductance (LVC)], and effects on hyperemia are more apparent during inhibition of a second system (i.e., COX pathway) (3, 16, 23) . Thus it appears that the magnitude and interaction of local factors contributing to exercise hyperemia may be influenced by factors including age, fitness, or the vascular bed and muscle group being examined (i.e., arm vs. leg).
The above findings support the concept that local production of NO and PGs [and potentially endothelium-derived hyperpolarizing factor (EDHF)] interact to compensate for the loss of any one vasodilator signal (redundancy). This may further explain why inhibitors administered orally or enzyme inhibition before exercise has not been shown to consistently alter exercise hyperemia in humans. Further evidence for the redundant vasodilator concept is found in the exercising forearm, where COX inhibition led to a transient reduction (only 2-3 min) in blood flow by ϳ12% before forearm blood flow was restored (26) . The identity of the redundant signal(s), as well as the complex signaling interactions between the products of the NOS and COX enzyme pathways, remain speculative.
Since exercise hyperemia is tightly coupled to metabolism, an idea that has emerged suggests that NO also directly reduces mitochondrial respiration (2, 27, 28) . If this is the case, NOS inhibition would increase muscle oxygen consumption (V O 2 ) and perhaps stimulate an increase in blood flow to support the increased O 2 demand. Thus the "vascular role" of NO might be masked by the "metabolic role" of NO as a modulator of muscle mitochondrial metabolism. This dual role of NO remains controversial, and several studies in humans do not support the idea that NOS inhibition alters leg V O 2 (4, 7, 20, 23) . Recent work during leg exercise suggests that NOS inhibition has the opposite effect on V O 2 ; leg V O 2 was reduced by ϳ16%, but only when NOS inhibition was coupled with COX inhibition (16, 17) . However, those results directly contrast with findings in canine models suggesting that loss of NO leads to increased hindlimb V O 2 at rest and during treadmill exercise (27, 28) . Thus the idea that NO (and/or PGs) can directly modify muscle V O 2 in a way that might influence blood flow may be species dependent and remains an open question.
Thus the present study was designed to test the hypothesis that NO and PG blockade independently reduce leg vasodilation during continuous steady-state dynamic exercise. We also tested the hypothesis that NOS inhibition would result in increased V O 2 in the exercising leg. These two hypotheses were examined by measuring leg blood flow (LBF) and blood gases from rest to exercise (ϳ19 W) with subsequent infusion of NOS and COX inhibitors in the working leg to ensure their delivery to the active parts of the contracting muscles. We also measured whole body and whole leg V O 2 and measured deep venous oxygen saturation continuously with an indwelling oximeter to provide insight into the acute effects of NOS and COX inhibitors on the time course of oxygen delivery and utilization in the working leg.
METHODS

Subjects
Fourteen young healthy subjects (12 men and 2 women) were recruited. Subjects were nonobese [body mass index (BMI) Ͻ 30 kg/m 2 ], free of cardiovascular disease, nonsmoking, and normotensive. All procedures were approved by the Mayo Institutional Review Board, and all subjects provided informed consent before participation. Subjects were taking no medications other than daily vitamins. Subjects reported normal daily activity, but none was participating in regular physical training. All subjects refrained from caffeine and exercise for at least 24 h and from NSAIDs for at least 48 h. Women were studied in the early follicular phase of the menstrual cycle. Because of a technical malfunction with blood flow measurements data from one woman were excluded. Her hemodynamic responses [e.g., cardiac output, blood pressure (BP), heart rate (HR)] were similar to those of the remaining subjects but were not included in the analysis.
Subject Monitoring
HR was measured by three-lead ECG. Arterial blood pressure (BP) was measured via femoral catheter.
Screening Visit
At least 1 wk before the study day, subjects became familiarized with the leg ergometer exercise on a screening visit. After a dual-energy X-ray absorptiometry (DEXA) scan to determine leg volume, peak V O2 (V O2peak) and peak leg ergometer workload were determined with a graded maximal knee extension exercise protocol consisting of 1-to 2-min workload increments. HR was determined by ECG, and changes in cardiac output and BP were measured noninvasively with model flow methodology on a Finometer (Finapres Medical Systems).
Instrumentation
A 20-gauge, 10-cm catheter was placed in the femoral artery of the right leg under aseptic conditions after local anesthesia (2% lidocaine) for administration of local vasoactive drugs. The arterial catheter was connected to a pressure transducer and continuously flushed at 3 ml/h with heparinized saline. A side port system permitted concurrent administration of study drugs and measurement of arterial BP (6 Figure 1 demonstrates the timeline for the experimental session. On the study day, subjects arrived 1 h after a light meal. Catheters were placed in the right leg (exercising) for measures of arterial BP, venous oxygen saturation, arterial drug infusion, and arterial and venous blood sampling (for blood gases and catecholamines). After a 30-min rest period, supine subjects received arterial infusions of acetylcholine (ACh; 2 and 8 g · 100 ml leg volume Ϫ1 · min Ϫ1 ) and nitroprusside (NTP; 0.5 and 2 g · 100 ml leg volume Ϫ1 · min Ϫ1 ) in a random order for 5 min per dose. Each dose was separated by 5-10 min for drug washout. Subjects then moved to the leg ergometer for the exercise protocol. An absolute workload of 19 W was chosen based on pilot work that demonstrated that untrained adults could maintain this effort without fatigue while achieving high LBF.
Study Visit
Protocol 1 (n ϭ 9). After a 5-min baseline, subjects performed 25 min of continuous leg kicking exercise (60 kicks/min, 19 W). The arterial infusions during each 5-min portion of exercise were, in order, 1) saline, 2) N G -nitro-L-arginine methyl ester (L-NAME), 3) saline, 4) ketorolac, and 5) saline. Expired gases were collected in meteorological balloons and analyzed to calculate whole body V O2. Arterial and venous blood gases drawn at 5-min intervals ( Fig. 1) were used with LBF measures to calculate leg V O2. Subjects then returned to the supine position to repeat the arterial infusions of ACh and NTP. All instrumentation was removed, and subjects rested quietly in the Clinical Research Unit for 2 h with pressure on the catheter sites.
Protocol 2 (n ϭ 4). All measures were identical to those in protocol 1; however, subjects performed only 15 min of exercise and received arterial infusions during each 5-min portion of exercise, in order: 1) saline, 2) L-NAME, and 3) saline. Whole body V O2 was not measured in protocol 2.
Rationale for 25-min Protocol
We chose a 25-min protocol rather than a 20-min protocol [used in forearm blood flow studies (25, 26) ] for several key reasons. First, we wanted to be certain that steady-state leg hemodynamics were achieved between 3 and 5 min. Previous forearm exercise studies in our laboratory demonstrated that 3 min was sufficient time to achieve steady-state exercise. Second, we needed to include sufficient time to draw blood samples at key intervals to address the oxygen consumption hypothesis. Third, based on the transient blood flow changes with ketorolac in the forearm, we decided to proceed more conservatively during leg exercise to ensure that potential transient changes in blood flow were observed. . Subjects were then seated in the leg ergometer for at least 5 min before starting continuous, dynamic 1-leg knee extensor exercise. After exercise, subjects lay supine for repeated ACh and NTP infusions. Catheters were then removed, and subjects recovered for 2 h while catheter sites were monitored for healing. B: data were collected specifically during minutes 4 and 5 of each 5-min portion of the exercise bout. Gray boxes indicate drug infusion during each 5-min period. Horizontal bars indicate times for key data collection, and arrows indicate blood sampling. L-NAME, N Gnitro-L-arginine methyl ester.
Blood Sampling
Arterial and venous blood samples (3 ml each) were collected anaerobically in heparinized plastic syringes, placed on ice, and analyzed within 15 min with an IL-1620 blood gas analyzer. All blood gas measurements were adjusted to 37°C. Plasma catecholamines (norepinephrine and epinephrine) were measured with high-performance liquid chromatography.
Leg Exercise
Subjects performed "leg kicking" exercise on a modified bike used for single-leg knee extension exercise to isolate the quadriceps muscle (1) . Force was continuously measured while subjects kicked in time to a metronome set at 1 Hz.
Leg Blood Flow
LBF was measured by Doppler ultrasound. A high-resolution 7-to 4-MHz transducer (GE Vivid 7, Milwaukee, WI) was used to measure mean blood velocity and vessel diameter of the right common femoral artery, distal to the inguinal ligament and above the bifurcation into the superficial and profunda femoral branch. For velocity measurements, the artery was insonated at a constant angle of 60°with the sample volume adjusted to cover the width of the artery. Velocity measurements were taken during the fourth and fifth minutes of each 5-min section of exercise. A commercial interface unit (Multigon Industries, Yonkers, NY) processed the angle-corrected, intensityweighted Doppler audio information from the GE Vivid ultrasound system into a flow velocity signal that was sampled in real time by PowerLab (AD Instruments, Colorado Springs, CO) at 1 kHz. Postprocessing with PowerLab's Chart application package yielded mean blood velocities. High-resolution diameter measurements were obtained by perpendicular insonation of the femoral artery. Common femoral artery diameter was determined from a mean of five diastolic diameters recorded during the last 15 s of minute 4 in each 5-min period. Previous leg exercise studies indicated that femoral artery diameter is similar in systole and diastole and stable during exercise (22) . LBF was calculated as the product of femoral artery crosssectional area and mean blood velocity.
Whole Leg Drug Administration
To normalize drug doses, each subject's total fat-free leg volume was calculated from whole body DEXA (GE Lunar) scans. All study drugs were dissolved in saline and infused at rates of 2-3 ml/min directly into the femoral artery catheter. L-NAME was infused at 200 g · 100 ml fat-free leg volume Ϫ1 · min Ϫ1 for 5 min to inhibit NO synthesis. This local (leg) intra-arterial dose of L-NAME is 2.5-fold greater (on a per kg basis) than the systemic dose (intravenous) of this compound known to reduce NOS activity in human muscle by 60 -70% and remain at high levels in the circulation for at least 90 min after infusion stops (7). Ketorolac was infused at 30 g · 100 ml fat-free leg volume Ϫ1 · min Ϫ1 for 5 min to block the COX enzyme. Ketorolac works via the same mechanisms of action as the more commonly used indomethacin; in fact, ketorolac is equally or more efficacious at COX inhibition (35) . This dose was based on previous work in the exercising forearm and results in a whole body dose (ϳ15 mg) delivered locally to ϳ2 kg of quadriceps muscle. We designed our study to follow NOS inhibition with COX inhibition since previous work in the leg suggests that COX inhibition alone has no effect on LBF (16) . ACh was infused at 2 and 8 g · 100 ml fat-free leg volume Ϫ1 · min Ϫ1 at rest to determine endothelial responsiveness. Each dose was infused for up to 5 min to attain a stable vasodilatory response. NTP was infused at 0.5 and 2 g · 100 ml fat-free leg volume Ϫ1 · min Ϫ1 at rest to determine vascular smooth muscle responsiveness.
Time Control Studies
Five additional subjects were studied without invasive monitoring in an identical exercise protocol to assess the potential for drift in hemodynamic variables over 25 min of steady-state exercise. Using the same equipment, we measured HR, BP, and cardiac output (Finometer), whole body V O2, and LBF. To mimic the time course of the main study, subjects laid supine for 30 min after instrumentation, followed by 10 min seated in the leg ergometer. Subjects performed single-leg exercise at 19 W (1 Hz) for 25 min, followed by 5-min seated recovery and 30-min supine recovery. The 30-min supine intervals were used to compare basal LBF used in analysis of ACh and NTP infusions before and after L-NAME and ketorolac drug infusions and tested for baseline effects of NOS and COX inhibition on LBF.
Data Collection and Statistical Analysis
All key study variables (HR, arterial BP, venous BP, venous saturation, leg ergometer workload, and blood velocity) were collected at 1 kHz on a Powerlab system. For analysis, 20-to 30-s sections of data were averaged for each minute of exercise, and the last 2 min of each 5-min stage (steady state) were averaged for comparisons. LVC was calculated as LVC ϭ LBF/leg BP, where BP ϭ leg arterial pressure Ϫ venous pressure, and expressed in milliliters per minute per millimeter of mercury.
The primary analysis was to test whether subjects' LBF or LVC changed in response to L-NAME and ketorolac infusion; therefore, hemodynamic and blood flow data were analyzed by repeated-measures ANOVA (SPSS version 13). All data are expressed as means Ϯ SE. Significance for all comparisons was set a priori at P Ͻ 0.05; trends were considered at P Ͻ 0.10.
RESULTS
Subject Characteristics
Subjects were 27 Ϯ 5 yr old, 180 Ϯ 2 cm tall, weighed 86 Ϯ 4 kg, and had a BMI of 26.3 Ϯ 0.6 kg/m 2 . Subject V O 2peak for single-leg ergometer exercise was 1.3 Ϯ 0.2 l O 2 /min, and peak workload was 64 Ϯ 6 W. Steady-state submaximal exercise (19.0 Ϯ 0.3 W) corresponded to 33 Ϯ 3% of peak work. The mean leg fat-free volume (inguinal line to ankle) by DEXA was 8.7 Ϯ 0.5 liters, resulting in L-NAME and ketorolac infusions of 87 Ϯ 5 and 13 Ϯ 1 mg, respectively, over the 5-min infusions.
Screen Day Hemodynamics
Steady-state submaximal exercise was assessed during minutes 3-5 of leg exercise. The workload averaged 19.0 Ϯ 0.2 W. HR increased from 73 Ϯ 6 to 90 Ϯ 5 beats per minute (bpm), mean arterial pressure (MAP) increased from 86 Ϯ 6 to 102 Ϯ 6 mmHg, and cardiac output increased from 7.7 Ϯ 0.5 to 11.2 Ϯ 0.7 l/min, an increase of 3.5 Ϯ 0.7 l/min. Whole body V O 2 increased from 259 Ϯ 16 to 647 Ϯ 61 ml O 2 /min (n ϭ 7) for exercise. Table 1 summarizes hemodynamic variables from rest, exercise, and recovery. Exercise increased HR from 77 Ϯ 5 to 96 Ϯ 6 bpm, MAP increased from 97 Ϯ 4 to 108 Ϯ 4 mmHg, and femoral artery diameter did not change significantly with exercise or drug infusion from resting measurements (9.6 Ϯ 0.4 mm). LBF increased from 0.4 Ϯ 0.04 to 3.6 Ϯ 0.2 l/min, an increase of 3.2 Ϯ 0.2 l/min (Fig. 2A) . LVC increased from 4 Ϯ 1 to 33 Ϯ 2 ml · min Ϫ1 · mmHg Ϫ1 (Fig. 2B) . Similar responses were observed in protocol 2 (n ϭ 4) (P ϭ 0.66, 0.46, and 0.91 for MAP, HR, and LBF, respectively). Table 2 summarizes key blood values during the same time intervals of rest, exercise, drug infusion, and recovery from both protocols.
Study Day Hemodynamics
Effects of NOS and Subsequent COX Inhibition
In response to drug infusion, MAP and HR did not change significantly from steady-state exercise values (P ϭ 0.68 and 0.80, respectively). LBF did not change significantly during exercise with L-NAME or ketorolac infusion (P ϭ 0.97; Fig.  2A ), and LVC did not statistically decrease in response to L-NAME (from 33 Ϯ 2 to 31 Ϯ 2 ml · min Ϫ1 · mmHg Ϫ1 , P ϭ 0.09). However, LVC decreased significantly with ketorolac infusion (29.6 Ϯ 2 ml · min Ϫ1 · mmHg Ϫ1 , P ϭ 0.02). Within 3 min after ketorolac infusion (minute 23 of exercise) LVC returned to control (no drug) steady-state exercise levels (33 Ϯ 2 ml · min Ϫ1 · mmHg
Ϫ1
; Fig. 2B ) without a change in MAP. Similar responses during L-NAME infusion were observed in protocol 2 (n ϭ 4), where LBF did not decrease significantly with L-NAME infusion and LVC decreased slightly, but not statistically, from 29.6 Ϯ 5 to 26 Ϯ 2 ml·min Ϫ1 ·mmHg Ϫ1 (P ϭ 0.08, Fig. 2D ). Leg vascular resistance (LVR) followed the -nitro-L-arginine methyl ester (L-NAME) ϩ ketorolac (A) or L-NAME alone (C). When normalized for blood pressure, leg vascular conductance (LVC) decreased slightly with L-NAME infusion (B, P ϭ 0.09; D, P ϭ 0.08). Addition of ketorolac significantly reduced LVC (B, P ϭ 0.02), which returned to control exercise levels shortly after ketorolac infusion. *Statistically different from control exercise (P ϭ 0.02).
inverse trends as LVC, but these changes were not statistically significant (P ϭ 0.11 and 0.45 for protocols 1 and 2, respectively). Table 1 summarizes key hemodynamic values during the same time intervals of rest, exercise, drug infusion, and recovery from both protocols.
Whole Body and Leg Oxygen Consumption
In protocol 1, whole body V O 2 increased from 289 Ϯ 15 to 709 Ϯ 46 ml O 2 /min during exercise and leg V O 2 increased from 30 Ϯ 3 to 441 Ϯ 45 ml O 2 /min. Neither whole body nor leg V O 2 changed with L-NAME or ketorolac infusions (P ϭ 0.5-0.8; Fig. 3 , Table 2 ).
Deep Venous Oxygen Saturation
The femoral venous catheter contained an indwelling oximeter that provided continuous monitoring of leg venous oxygen saturation. Venous blood oxygen saturation decreased from resting values during exercise (P ϭ 0.01; Fig. 4A ). Compared with the same time points used to calculate other hemodynamic data, infusion of L-NAME appeared to reduce saturation by ϳ7%, but this was not statistically significant (P ϭ 0.15), nor was it altered by ketorolac infusion (P ϭ 0.2). In protocol 2, a similar pattern emerged with exercise decreasing saturation (P Ͻ 0.01), and L-NAME infusion showed a trend (P ϭ 0.1, Fig. 4B ) for decreased venous saturation. Venous blood sam- pling for blood gas measures indicated a similar pattern for Hb oxygen saturation. Specifically in protocol 1, venous Hb oxygen saturation tended to decrease after L-NAME (P ϭ 0.07) but was statistically reduced after combined L-NAME ϩ ketorolac infusion (P ϭ 0.01). In protocol 2, the reduction in venous oxygen saturation (ϳ6%) was not as apparent (P ϭ 0.2; Fig.  4B ). Importantly, no transient reductions in deep venous saturation were observed at the onset of either drug, indicating that there was not an acute drop in flow followed by rapid recovery to steady-state values.
Plasma Catecholamines
In protocol 1, arterial norepinephrine and epinephrine values did not significantly change from rest to exercise or with L-NAME ϩ ketorolac infusion (Table 3) . In protocol 2, arterial norepinephrine and epinephrine values did not significantly change from rest to exercise or with L-NAME infusion (Table 4) .
Endothelium-Dependent and -Independent Vasodilation
LBF and LVC increased in response to femoral arterial infusion of ACh in a dose-dependent fashion. Administration of L-NAME ϩ ketorolac infusion blunted ACh-mediated vasodilation by 53 Ϯ 4% (P ϭ 0.01) and 18 Ϯ 7% for the lowand high-ACh concentration infusions, respectively (Fig. 5A) . Similar responses were obtained when analyzing data as LBF (not shown). Fig. 4 . Continuous monitoring of femoral venous oxygen saturation during exercise. A: venous saturation from indwelling oximeter decreased from rest to exercise (P ϭ 0.01) but did not significantly change during drug infusion (L-NAME ϩ ketorolac) (P ϭ 0.2). B: a similar pattern was observed during L-NAME-only infusion (P ϭ 0.11). *Statistically different from baseline (nonexercising) values (P Ͻ 0.05). LBF and LVC increased in response to femoral arterial infusion of NTP in a dose-dependent fashion. There was no effect of L-NAME ϩ ketorolac infusion on the increase in LVC compared with control (saline) (Fig. 5B) . Similar responses were obtained when analyzing data as LBF (not shown).
Time Control Experiment
V O 2 , LBF, HR, MAP, and cardiac output all increased from rest to exercise in five time control subjects. Data are summarized in Table 5 . The increase in oxygen consumption was very similar to that in the main protocol. HR tended to increase during exercise (P ϭ 0.06). There were no significant changes in MAP (P ϭ 0.55), LBF (P ϭ 0.98), LVC (P ϭ 0.91), LVR (P ϭ 0.8), or whole body V O 2 (P ϭ 0.87) throughout 25 min of leg exercise.
DISCUSSION
We tested the hypotheses that NO and PG blockade independently reduce leg vasodilation and that NOS or NOS ϩ COX inhibition would result in an increased V O 2 in the exercising leg. While previous work has examined the roles of NOS and COX during the onset of leg exercise, this investigation is the first to examine their roles during prolonged, low-intensity steady-state leg exercise in humans. In this context, these data are important since factors regulating steadystate exercise blood flow may be different from those factors initiating exercise hyperemia (29) . With this model, the primary novel findings were that 1) the combination of NOS and COX inhibition, administered during exercise, transiently attenuated LVC, which was restored to steady-state values within 3 min of exercise, and 2) neither NOS administration alone nor combined NOS and COX inhibition alters leg muscle V O 2 during prolonged (Ͼ10 min) steady-state exercise. Furthermore, NOS and COX may play smaller roles in exercise vasodilation during prolonged low-intensity exercise, indicating that previously "silent" factors replace NOS and COX signaling in regulating steady-state exercise hyperemia.
Our results, combined with previously published data in humans, indicate that the role of NO in regulating leg vasodilation during exercise is modest and, at best, accounts for Ͻ10% of the overall response. For example, some studies in humans report no effect (4, 7, 9, 13, 23) of NOS inhibition on LBF, but NO-mediated vasodilation appears to play a modest role when expressed as LVC (7, 23) . Data from the present study support this idea, where we observed a trend for an 8 -10% decrease in LVC during intra-arterial L-NAME administration during leg exercise (Fig. 2 ). An important confounding factor when investigating a role for NO in leg and whole body exercise studies is that NOS inhibition can lead to a baroreceptor-mediated sympathetic withdrawal due to a druginduced increase in arterial pressure. This sympathetic withdrawal may mask at least a portion of the vasoconstriction in the leg vasculature due to NOS inhibition (30) . Thus previous reports (7, 23 ) and the present data may be underestimating a role for NO-mediated vasodilation during leg exercise. Our time control studies (Table 5 ) support this interpretation, and the modest changes in arterial pressure observed during the drug infusion suggest that baroreflex-mediated changes in sympathetic outflow could have influenced the overall LBF response. Despite the systemic effect of NOS inhibition (7, 23) , our data are consistent with the majority of published reports demonstrating a modest role for NO in leg exercise vasodilation when inhibited alone.
PG production increases with exercise (37), which can be inhibited with COX inhibitors like indomethacin (14, 37) or ketorolac. Despite the effective inhibition of COX products, studies report no effect of COX inhibition alone on leg exercise hyperemia (16) . Our findings suggest that LVC was significantly reduced when ketorolac was administered in combination with NOS inhibition (Fig. 2B) , supporting the concept that the role for PGs in vascular control during moderate leg exercise may be masked by NO-mediated vasodilation (3, 16) . Additionally, at least some portion of PG-mediated vasodilation is, in fact, NO dependent (19) . This makes it difficult to quantify the "normal" contribution of PGs to the leg exercise hyperemia, since neither NOS nor COX inhibition alone reduced LBF (3, 16) . Prior work also suggests a potential intensity-dependent interaction between NO and PGs, where combined inhibition of NOS and COX products reduces LBF at 30-W leg exercise but not at 15 W (3). This intensitydependent NOS-COX interaction might explain why we observed a significant, albeit smaller, effect of combined inhibition, as our workload was between 15 and 30 W. Furthermore, Catecholamine values are means Ϯ SE from the 5th minutes of 5-min portions of the exercise bout. Neither exercise nor drug infusions statistically changed arterial or venous norepinephrine or epinephrine (P ϭ 0.45-0.55). the vascular effects of combined NOS and COX inhibition in the present study are less (ϳ10%) than those in recent reports (ϳ33%; Refs. 16, 17, 20) . It is possible that the aerobic fitness level of the study population might influence the magnitude of NO and PG contribution to exercise hyperemia. That is, in the present report, maximum leg ergometer workload was 64 W, which was considerably lower than that published recently (92 W) (16) . Given the reports of maximum workloads in truly sedentary adults of 35-40 W (21), it seems that the level of training in published leg exercise studies may vary widely and may affect the relative contribution of vasodilator signals.
When combined with our present data, available information suggests that NOS and COX play a larger role at the onset of exercise and that their contribution diminishes as duration of exercise increases. The concept of time-dependent mechanisms regulating exercise hyperemia is supported by work demonstrating that prolonged treadmill exercise alters sympathetic restraint of LBF compared with the initial response (5). Along these lines, the largest reported contribution for NO and PGs comes from studies that use very short bouts of exercise, typically 5-10 min or less (3, 16, 17, 20) . Our study design differed in that we administered L-NAME during steady-state leg exercise (after the first 5 min) and followed with infusion of ketorolac during minutes 15-20 of continuous steady-state exercise. It was at this point where we observed a transient reduction in LVC with combined NOS and COX inhibition. These findings emphasize the idea that the relative contribution of vascular control mechanisms may differ not only with exercise intensity but also as exercise progresses within a given exercise intensity. In this context, it would seem reasonable to speculate that the importance of EDHF and/or adenosine in regulating blood flow to the exercising muscles might increase as the contribution of NOS and COX decrease. Along these lines, it is important to emphasize that key vasoactive signals, other than NO and PGs, are responsible for the majority (Ͼ65%) of leg vasodilation during exercise no matter the experimental design and/or exercise model. In the present report, these signals appear to account for at least 90% of the vasodilation during 20 -25 min of dynamic exercise.
If NO inhibited mitochondrial function (27, 28) , the effect of NOS inhibition on LBF during exercise might have been masked by a compensatory increase in V O 2 by the exercising leg. Thus we tested a second hypothesis, that inhibition of NO or PGs would increase leg V O 2 . Contrary to our hypothesis, our data do not support a role for either NO or combined NO and PGs in altering whole body or leg V O 2 (Fig. 3) . Our NOS inhibition data are consistent with previous reports in humans (4, 7, 13, 23) as well as whole body V O 2 in running swine (15) ; however, they contrast with reports of increased V O 2 seen in exercising dogs (27, 28) . Recent human studies also report that marked reductions in LBF during combined NOS and COX inhibition are accompanied by 13-17% reductions in V O 2 (16, 17) . It is interesting that NOS (7, 9) or COX (16) inhibition Fig. 5 . Leg vasodilation responses to endothelium-dependent and -independent agonist infusion. Control responses before exercise protocol and responses following exercise protocol after L-NAME ϩ ketorolac infusion are shown. L-NAME ϩ ketorolac reduced vasodilation to ACh (A, P ϭ 0.01) but not to NTP (B, P ϭ 0.6). *Statistically different from control (P Ͻ 0.05). 
Experimental Considerations
In addition to possible baroreflex reductions in sympathetic nervous outflow with NOS inhibition, it is possible that insufficient inhibition of NOS and COX may have contributed to our results. Consistent with reports in several human studies using similar drug doses (8, 11, 12, 18, 24, 33, 34) , we significantly reduced the LVC response to intra-arterial ACh but not NTP (Fig. 5) . Furthermore, the dose of L-NAME infused in the present study was based on whole body intravenous doses that reduce NOS activity by almost 70% (7). Since we infused a similar dose directly into the working leg, we likely provided a much higher regional dose to the exercising limb. Graphically, the acute reductions in deep venous oxygen saturation (Fig. 4) suggest that L-NAME had an almost immediate effect on distribution of blood flow within the leg, leading to increased oxygen extraction. In terms of an effective ketorolac dose, doses of COX inhibitor in the range of 13 Ϯ 1 mg markedly reduce plasma levels of PG metabolites (14, 37), and we administered twice the dose infused in previous leg exercise studies that demonstrate an exercise effect (16) .
Using LVR for data analysis suggested that resistance changed in an inverse fashion compared with LVC (Table 1) , but our conclusions are the same. Given the linear relationship of LVC, LBF, and vessel radius with conductance and the inverse hyperbolic relationship of resistance, a relatively large change in LBF could occur with only a small change in LVR, which would mask modest changes in vascular diameter (vasoconstriction or vasodilation). Thus we chose to focus on conductance measures as LVC creates a more sensitive measure for vascular caliber changes; especially in studies where drug effects are small, these changes can be missed by using LVR.
Our data also highlight the marked variability in basic LBF responses to 19-W knee extensor exercise. For example, the LBF response in our time control studies was ϳ2 l/min, compared with 3.5 l/min in protocol 1. These results are consistent with studies in which the LBF response ranges from 2.5 to 4.5 l/min (1) . Furthermore, in all protocols, the estimated rise in cardiac output (Finometer) very closely matched the rise in LBF. Finally, the blood sampling, combined with our LBF measures to calculate leg V O 2 , matched very well with the whole body increase in V O 2 . Taken together, we are confident our measures of LBF are accurate in untrained humans.
Perspectives
The roles of NOS and COX in human exercise hyperemia appear modest; however, a number of questions remain. These include whether the contributions of NO and PGs are influenced by limb studied (i.e., leg vs. arm model), fitness, sex, and aging, along with exercise intensity and duration. For example, NO and PGs appear to signal redundantly in the leg (Refs. 3, 16, 17 and present data), whereas the compensatory vasodilator signal following COX inhibition appears NOS independent in the forearm (26) . However, in no case does blockade of these factors alone, or in combination, reduce blood flow or vascular conductance dramatically (3, 7, 16, 17, 20, 23, 25, 26) . These observations indicate that 1) NOS and/or COX signaling is not obligatory for the majority of the exercise hyperemia response under almost every circumstance that has been studied or 2) redundant control mechanisms make this topic difficult to address in a definitive way. The latter possibility might also reflect the limited pharmacological tools available to study such a complex phenomenon in humans.
Conclusions
The novel findings from the present study suggest that combined products of NOS and COX play a relatively small role in vasodilation during prolonged steady-state leg exercise. A major new finding is that COX inhibition, when combined with NOS inhibition, caused a transient reduction in LVC, suggesting that vasodilation was restored by an alternative signaling pathway. Our results differ from reports in subjects with greater maximum workloads, suggesting that aerobic fitness/training may alter the contributions of NOS and COX to exercise vasodilation. When combined with previous reports, our exercise model raises the possibility that NOS and COX enzymes may contribute more to exercise hyperemia at the onset of exercise (Ͻ10 min) and their contribution diminishes as exercise progresses. Finally, our results demonstrate that NOS or COX products do not influence leg V O 2 in untrained subjects exercising at modest intensities.
